Mammalian RAD18 is highly expressed in the spermatocytes and the nuclei of a few spermatogonia in adult mice. To elucidate the physiological function of RAD18, we analyzed a phenotype of Rad18À/À mice. The mice were born and appeared to grow normally.
Introduction
Exposure to ultraviolet (UV) light or various genotoxins causes several types of DNA damage in cells. Unrepaired lesions encountered by the DNA replication machinery during S-phase cause stalling of the replication fork, which may lead to cell death unless DNA synthesis resumes (Friedberg et al., 1995) . This resumption process is operationally defined as postreplication repair (PRR) and is characterized by continued DNA replication without removal of the lesion on a template strand. PRR has been observed in diverse species from Escherichia coli to humans and is hypothesized to involve three major 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.11.004 processes: translesion DNA synthesis (TLS), recombination, and template switching (Broomfield et al., 2001) . The term PRR is used interchangeably with the terms tolerance of DNA damage, DNA damage avoidance, and replicative damage bypass.
In the budding yeast Saccharomyces cerevisiae, genes belonging to the Rad6 epistasis group are involved in the PRR pathway; Rad6 and Rad18, which encode ubiquitin-conjugating enzyme E2 and ubiquitin ligase E3, respectively, play pivotal roles in PRR (Bailly et al., 1994 (Bailly et al., , 1997 . Mono-and multi-ubiquitination of PCNA, which are necessary for PRR, are Rad6/Rad18 dependent (Hoege et al., 2002; Stelter and Ulrich, 2003) . In human cells, a single RAD18 homolog (Tateishi et al., 2000) (designated hRAD18) and two RAD6 homologs (Koken et al., 1991) (designated HHR6A and HHR6B) have been identified. The hRAD18 and mouse Rad18, designated mRad18 (van der Laan et al., 2000) , also play pivotal roles in PRR through mono-and multi-ubiquitination of PCNA and are required for the maintenance of genetic stability (Tateishi et al., 2000 (Tateishi et al., , 2003 Watanabe et al., 2004; Motegi et al., 2006; Unk et al., 2006) . The mRad18 protein is highly expressed in mouse embryonic stem (ES) cells and pachytene spermatocytes of the testes in adult mice (van der Laan et al., 2000; Masuyama et al., 2005) and is markedly localized in the XY body, which contains the X and Y chromosomes in the nucleus (van der Laan et al., 2004; Masuyama et al., 2005) . Because infertility in mHR6B (mRad6B) knockout male mice was reportedly caused by the impairment of the postmeiotic chromatin remodeling step (Roest et al., 1996) , mRad18 is also thought to play an important role in spermatogenesis.
To elucidate the physiological function of RAD18 in mammalian testes, we generated Rad18À/À null mutation (Rad18À/À) mice. The knockout male mice were unexpectedly fertile, and the offspring sex ratio was even. However, fertility decreased with age, caused by the loss of germ line cells in the seminiferous tubules. Our results suggest that RAD18 is required for the long-term maintenance of spermatogenesis derived from spermatogonial stem cells in mammalian testes.
Results

Establishment of Rad18À/À mice
The targeted ES cells (Tateishi et al., 2003) were injected into blastocysts of C57BL/6 mice, resulting in the generation of chimeras. Male chimeras were bred and gave germ line transmission. Southern blots of DNA isolated from tail biopsies were used to determine the genotype of the offspring. Hybridization with a 3 0 external probe visualized a 17-kb
BamHI fragment in the case of a normal allele and a 7.0-kb BamHI fragment for a targeted allele ( Fig. 1A and B) . Heterozygotes were inbred and yielded homozygous Rad18 mutant mice with the approximate expected Mendelian frequency (Table 1) . Although the Rad18 protein was localized in the sex chromatoid body of the spermatocyte (van der Laan et al., 2004; Masuyama et al., 2005) , no sex preferences in the number of Rad18À/À offspring were observed. The targeting of mRad18 resulted in a null mutation at the RNA and protein levels in the embryonic fibroblastic cells from Rad18À/À mice. Northern blots confirmed the absence of mRad18 transcripts (Fig. 1C) . Rad18 protein was detected as two major bands in MEFs derived from wild-type (+/+) or heterozygous (+/À) mice by Western blots (Fig. 1D) . The low and high molecular weight bands were identified as unmodified and monoubiquitinated forms of Rad18, respectively (Miyase et al., 2005) . Rad18 protein was not detected in MEFs derived from Rad18À/À mice. Rad18À/À mice were of normal size and weight, were oriented to sound, and their limb movements and behavior appeared to be normal ( Fig. 2A) . Although overt defects in PRR were detected in the cells derived from the Rad18À/À mice (Miyase et al., 2005) , the mice survived at least 1.0 years at the expected frequency (nearly equal to that of +/+ littermates).
2.2.
Decline in fertility with age in Rad18À/À male mice
Although young male Rad18À/À mice were fertile, 12-month-old mice showed declining fertility rates ( Table 2 ). The testis weight of Rad18À/À mice at 2 months old was almost the same as that of wild-type mice, whereas the testis weight of Rad18À/À mice at 12 months old was less than that of the wild-type mouse littermates. Testicular weight decreased gradually with age ( Fig. 2B and C) . Rad18À/À testes at 6 and 12 months old weighed 84% and 60%, respectively, of those of wild-type mice. In contrast, the testicular weight of wild-type males increased slightly with age. To estimate the hormonal conditions of the Rad18À/À mice, we compared the weights of the seminal vesicles, which is an excellent marker of long-term testosterone action, of Rad18À/À mice with those of wild-type mice (Fig. 2D) . The weights were almost the same, which indicates that the plasma testosterone concentration in Rad18À/À mice was within the normal range. Furthermore, we compared plasma FSH concentrations in Rad18À/À mice at 6 and 12 months old with those of wild-type mice (Fig. 2E) . The FSH levels of both mice increased slightly with age and were not significantly different. These results indicate that the degeneration of testes in Rad18À/À mice is not caused by hormonal disturbance.
Depletion of testicular germ line cells in seminiferous tubules with age
Spermatogenesis in cross-sections of Rad18À/À testes at 2 months old was similar in most seminiferous tubules to that in wild-type testes ( Fig. 3A and B). Because mHR6B (mouse Rad6B) plays an important role in haploid nuclear condensation, in mHR6B knockout mice, spermatids are prematurely released into the epididymis. The spermatids retain transient testis-specific histones, i.e., tH2B proteins, in their heads. In contrast, adult Rad18À/À testes showed a well-organized distribution of tH2B-positive spermatids in the seminiferous tubules (Fig. 3C and D) and no prematurely released tH2B-positive spermatids in the epididymis ( Fig. 3E and F) . To elucidate the histological basis of the reduction in fertility and testis weight with age, we observed cross-sections of Rad18À/À testes at 6 and 12 months old (Fig. 4) . Approximately 10% of the seminiferous tubules seemed to have no germ line cells and consisted of only supporting Sertoli cells at 6 months ( Fig. 4A , B and E). Approximately one-quarter of the tubules of knockout testes at 12 months old were degenerated (Fig. 4C , D and E). To verify germ cell absence in the degenerative tubules, we used the germ line cell-specific marker TRA98 (Fig. 5 ). Similar to those of wild-type mouse testes ( Fig. 5A and B) , the cross-sections of seemingly normal tubules in Rad18À/À testes at 12 months old contained all germ line cells, a few spermatogonia, many spermatocytes, many more round and elongated spermatids, and complete sperms (Fig. 5C ). In contrast, the cross-sections of empty tubules in the same testes contained no TRA98-positive cells and consisted only of supporting Sertoli cells (Fig. 5D ). Of interest is that some tubules in the testes had only late differentiated-phase germ cells (Fig. 5E ) or complete sperms (Fig. 5F ). In other words, they lacked early differentiatedphase germ cells. This suggests that the degeneration of tubules in aged Rad18À/À testes is caused by the exhaustion of spermatogonial stem cells.
2.4.
Supporting function of degenerative seminiferous tubules in aged Rad18À/À mice To exclude the possibility that the disappearance of germ cells in the aged Rad18À/À mice was caused by the dysfunction of the Sertoli cells supporting spermatogenesis, we transplanted 9-day-old GFP-labeled green mouse germ cells into Rad18À/À mouse testes (Fig. 6) . Testes of the aged Rad18À/À mice without the transplant showed no GFP-labeled germ cells in the seminiferous tubules under UV light (Fig. 6A) . The cross-section showed only autofluorescence of Ledyig cells under UV light (Fig. 6C ) and many degenerative seminiferous tubules with no germ line cells (Fig. 6D) . However, 12 weeks after the transplant, we observed in the testes GFPlabeled seminiferous tubules colonized by donor cells (Fig. 6B) . The proliferation of GFP-labeled germ line cells was observed in the cross-sections ( Fig. 6E and F) . These results indicate that the Sertoli cells of degenerative seminiferous tubules in aged Rad18À/À mice function normally to support spermatogenesis.
Expression of RAD18 in spermatogonia
To examine the role that RAD18 plays in spermatogonia during spermatogenesis, we studied in detail Rad18 expression in the testes (Fig. 7) . Although Rad18 proteins were highly expressed in the spermatocytes, localized especially in the XY bodies in 6-week-old wild-type mice (van der Laan et al., 2004; Masuyama et al., 2005), we could also detect them in the nuclei of a few spermatogonia (Fig. 7A) . The RAD18 transcripts were expressed in both spermatogonia and spermatocytes (Fig. 7B) . To confirm the expression of RAD18 in spermatogonia, we checked the expression in testes at 1-week-old, when undifferentiated spermatogonia actively proliferate. As expected, almost all spermatogonia expressed Rad18 protein in their nuclei (Fig. 7D ).
Discussion
Maintaining the integrity of spermatogenic stem cells is essential to transfer genetic information to a descendant. However, knowledge of how premeiotic germ cells are maintained is still limited. Here, we revealed the phenotype of Rad18À/À mice as follows. The supportive environment for the growth of spermatogonia in the seminiferous tubules is normal. (vi) Rad18 protein is expressed in many undifferentiated spermatogonia (germinal stem cells) in infantile testes, but in a small number of spermatogonia (undifferentiated spermatogonia) and in many spermatocytes in adult testes. From these results, we conclude that RAD18 is intrinsically required for the long-term maintenance of male spermatogenesis.
Various DNA repair mechanisms including non-homologous end-joining (NHEJ) and nucleotide excision repair are known to contribute to maintenance of haematopoietic stem cells (Nijnik et al., 2007; Rossi et al., 2007) . DNA ligase IV functions in the repair of DNA double-strand breaks by NHEJ. The mouse strain with a hypomorphic DNA ligase IV mutation (Lig4 Y288C ) causes a progressive loss of haematopoietic stem cells and bone marrow cellularity during ageing, and severely impairs stem cell function in tissue culture and transplantation (Nijnik et al., 2007) . The ataxia telangiectasia mutated (Atm) gene maintains genomic stability by activating a key cell-cycle checkpoint in response to DNA damage. Atm-null mice older than 24 weeks show progressive bone marrow failure resulting from a defect in haematopoietic stem cells (Ito et al., 2004) . Atm-null mice also progressively lose premeiotic germ cells in their testis (Takubo et al., 2006) . Rad18 knockout ES cells show sensitivity to various genotoxic reagents and exhibit elevated illegitimate recombination frequency, indicating that RAD18 is required to maintain genomic stability in the cells (Tateishi et al., 2003) . Thus, we speculate that endogenous DNA damage or genomic rearrangement accumulate in the proliferation of Rad18À/À spermatogonia, leading to long-term cell cycle arrest and the exhaustion of spermatogonial stem cells with age. RAD18 is a key protein controlling translesion synthesis through mono-ubiquitination of PCNA (Kannouche et al., 2004; Watanabe et al., 2004; Bienko et al., 2005; Plosky et al., 2006) . Translesion synthesis is achieved by TLS polymerases in higher eukaryotes of which pol g, pol i, and pol j are members of the Y family of polymerases. All known TLS polymer- Fig. 2 -Testis weight and hormone levels of Rad18À/À mice. Body (A) and testis (B) weights of wild-type and Rad18À/À mice were measured at 2 (n = 5), 6 (n = 7), and 12 (n = 5) months old. The differences in testis weight between Rad18+/+ and Rad18À/À mice at 6 and 12 months were statistically significant: p < 0.01 (6 months), p < 0.001 (12 months). (C) Representative photo of testes from 12-monthold wild-type (left) and Rad18À/À (right) mice. (D) The seminal vesicle weight of wild-type and Rad18À/À mice was measured at 2 (n = 5), 6 (n = 7), and 12 (n = 5) months old. (E) Serum follicle-stimulating hormone levels of wild-type and Rad18À/À mice at 6 (n = 4) and 12 (n = 4) months old obtained using the RAT FSH IRMA C.T. kit (Biocode Hycel).
ases show higher expression in the testes than in tissues that contain only somatic cells. Pol g and pol i are highly expressed in mouse testes, and the mRNA encoding pol i is predominantly expressed in round spermatids (McDonald et al., 1999; Yamada et al., 2000) . Despite the high expression of these TLS polymerases, to our knowledge, there is no report describ- ing abnormal spermatogenesis in TLS polymerase knockout mice. In one study, 129 derived mice deficient in functional pol i were normally fertile (McDonald et al., 2003) . Pol j-deficient mice are fertile, and the overall histology of testes from these mice is indistinguishable from that of wild-types (Schenten et al., 2002) . Although analysis of phenotypes of these mice did not reveal a detectable function in spermatogenesis, one cannot rule out the possibility that these TLS polymerases might share a redundant function to maintain spermatogenesis. Recently, it was reported that RAD18 mono-ubiquitinates 9-1-1 checkpoint clamp leading to control global gene regulation (Fu et al., 2008) . Thus, it is possible that E3 ubiquitin ligase activity of Rad18 functioning in other process than PRR is involved in maintenance of spermatogenesis.
In contrast to the phenotype of Rad18À/À male mice that they were fertile at young age but testicular germ cells degenerated with age, the mHR6BÀ/À male mice are completely infertile (Roest et al., 1996) . Although the seminiferous tubules of Rad18À/À mice showed well-organized distribution of tH2B-positive spermatids (Fig. 3D) , those of mHR6BÀ/À mice display an irregular orientation and distribution of tH2B-positive spermatids. Besides, tH2B-immunopositive premature spermatids are also observed in the lumen of the epididymis of mHR6BÀ/Àmice, indicating that derailment of spermatogenesis becomes overt during the spermiogenesis especially in postmeiotic condensation of chromatin in spermatids.
mHR6B is one of the two mammalian homologs of the Saccharomyces cerevisiae E2 named Rad6 which is involved in not only DNA repair, but also DNA damage-induced mutagenesis, meiosis, transposition of retrotransposons, and gene silencing by interacting with several proteins The differences between the wild-type and Rad18À/À mice at 6 and 12 months old were statistically significant: p < 0.05 (6 months), p < 0.01 (12 months). (Dover et al., 2002) . Rad6 is able to ubiquitinate histones in vitro without the mediation of an E3 ubiquitin ligase. Yeast rad6 mutants show defective sporulation, and Rad6 dependent H2B ubiquitination which is essential for sporulation seems to be Rad18 indpendent in yeast (Robzyk et al., 2000) . There is no evidence showing that Rad18 play a role in sporulation, with the exception when carrying mutations in genes involved in excision repair, rad18 mutant yeast strains showed reduced spore viability (Dowling et al., 1985) . Taken together, we speculate that mHR6 and Rad18 have different roles in spermatogenesis, leading to exhibition of the different phenotypes between the two mice with respect to male fertility. Rad18 protein was highly expressed in spermatocytes and markedly localized in unpaired chromosomal regions that were transcriptionally silent such as the XY body during male meiotic prophase (van der Laan et al., 2004) . The Rad18À/À male mice were unexpectedly fertile, and the offspring sex ratio was even, implying that a deficiency in Rad18 function in male meiosis did not manifest in the phenotype of the Rad18À/À mice. Other genes may have a redundant function for male meiosis; thus, further studies are needed to elucidate the important function of RAD18 in male meiosis.
Although Rad18 protein was highly expressed in spermatocytes in adult testes, the transcriptional level of Rad18 was high in spermatogonia, rather than spermatocytes (Fig. 7) . Moreover, almost all undifferentiated spermatogonia expressed Rad18 protein in testes at 1-week-old, suggesting that Rad18 translation is active in proliferating undifferentiated spermatogonia. Rad18 translation may have been launched in response to the accumulation of DNA damage that hampered DNA replication in the cells. PRR directed by RAD18 functions to maintain genomic DNA integrity during DNA replication and would be vital for the preservation of spermatogonial stem cells.
4.
Experimental procedures
Generation of Rad18À/À mice
All animal experiments were approved by the Center for Animal Resources and Development committee, Kumamoto University, Japan. Established mouse ES clones heterozygous for Rad18 alleles (Tateishi et al., 2003) were injected into blastocysts isolated from a C57BL/6J female mouse. The blastocysts were then transferred to pseudo-pregnant females to generate chimeras. The male chimeric mice were mated with C57BL/6J females to obtain heterozygous mice. Germ line transmission of the Rad18 knockout allele was observed in the coat color of the F1 offspring. The heterozygous mice were backcrossed with C57BL/6J mice more than 10 times. The heterozygous siblings were mated to generate Rad18À/À mice.
Southern blot, Northern blot, and immunoblot
Genomic DNA was isolated from tail biopsies, digested with BamHI, resolved in 0.8% agarose, blotted to Hybond-N+ membrane (GE Healthcare), and probed with a 3 0 external probe (Fig. 1A) . The genotype was determined by detecting the band corresponding to the wild-type (17 kb) or targeted (7 kb) allele. Total RNA was prepared from mouse embryonic fibroblasts (MEFs). The total RNA was resolved in 1.0% agarose, blotted to Hybond-N+ membrane (GE Healthcare), and probed with fulllength mouse Rad18 cDNA.
Cell lysate was also prepared from MEFs. The cell lysate was subjected to SDS-PAGE and blotted to Immobilon-P transfer membrane (Millipore). Mouse Rad18 protein was detected by using rabbit anti-mouse Rad18 polyclonal antibody (Tateishi et al., 2003) and the ECL Western Blotting Detection System (GE Healthcare).
Follicle-stimulating hormone (FSH) measurement
After the mice were killed, the seminal vesicles were removed and weighed. Blood was collected in tubes containing 10 ll of 0.5 M EDTA, and serum was obtained by centrifugation. FSH levels in the serum were measured by using a RAT FSH IRMA C.T. kit (Biocode Hycel).
Histology and immunohistochemistry
The testes and epididymis were removed and weighed. For hematoxylin-eosin staining, tH2B immunostaining, and TRA98 immunostaining, the tissues were fixed in Bouin's solution for 4 h at room temperature, dehydrated, and embedded in paraffin. Sections (4 lm) were stained with hematoxylin eosin.
For the identification of tH2B in haploid spermatids and mature sperm, we used a mouse monoclonal IgG raised against tyrosine hydroxylase (Chemicon), which immunoreacts with rat tH2B in tissue sections because of sequence homology at the N-terminus of tyrosine hydroxylase and tH2B (Unni et al., 1995) . A biotinylated rabbit anti-mouse IgG (VECTASTAIN Elite, Vector Laboratories) was used as a secondary antibody. Signals were detected with DAB substrate (Sigma) and counterstained with hematoxylin.
For detection of germ line cells, we used germ line cellspecific monoclonal TRA98 antibody (Bioacademia) and biotinylated rabbit anti-rat IgG (VECTASTAIN Elite, Vector Laboratories). Signals were visualized in the same way as for tH2B protein detection.
For Rad18 immunostaining, testes from B6 mice were fixed with 4% paraformaldehyde overnight at 4°C, embedded in methyl methacrylate resin, and sectioned at 5 lm thickness. For the detection of Rad18 protein localization, we used rabbit anti-mouse Rad18 polyclonal antibody (Tateishi et al., 2003) and peroxidase-conjugated donkey anti-rabbit IgG antibody (Jackson ImmunoResearch). Signals were enhanced using the TSA plus biotin system (NEL700, Perkin-Elmer) and then detected by using DAB substrate (Roche).
Germ cell transplantation
Testicular cells of 9-day-old GFP-labeled wild-type mice (C57BL/6, B6, Shizuoka Laboratory Animal Center) were used as donor cells. Somatic cells and early-phase germ cells were labeled with GFP so the transplanted cells could be traced easily (Ohta et al., 2000) . One-year-old Rad18À/À mice (n = 8) were recipients, and germ cell transplantation was performed as described previously . Twelve weeks after transplantation, testes with EGFP-labeled cells were observed using fluorescence stereomicroscopy (ME16F, Leica). The testes were fixed with 4% paraformaldehyde, embedded in glycol methacrylate (Technovit 8100, Kulzer), and sectioned at 5 lm thickness. EGFPlabeled cells were detected using fluorescence microscopy (BZ-8000, Keyence), and the same section was stained with hematoxylin.
4.6.
In situ hybridization
The sections used for in situ hybridization were shared for immunohistochemistry for Rad18. Antisense and sense Rad18 probes were generated from a BamHI-EcoRI, 471-bp cDNA fragment of the ORF region of mouse Rad18 cDNA and cloned into pBluescript SK+ (Stratagene, La Jolla, CA). In situ hybridization was performed as described previously . The expression of Rad18 protein in testes of mice at 6-week-old was detected with anti-mRad18 antibody directed against amino acid residues 373-509. The transcription level of Rad18 mRNA in testes of mice at 6-week-old was detected using in situ hybridization with a Rad18 cDNA probe (antisense) (B) or without the probe (sense) (C) as a control. Arrows and arrowheads indicate spermatogonia and spermatocytes, respectively. (D) Rad18 protein was detected in testes of mice at 1-week-old. Arrows indicate undifferentiated spermatogonia (germinal stem cells). Scale bars: 50 lm.
